 Photochemical oxidation (UV/ozone treatment) of self-assembled solution-processed graphene films is demonstrated for the first time  The effect that photochemical oxidation has on self-assembled graphene film is a reduction of sheet resistance, the opposite of the earlier reported effect on CVD or mechanically exfoliated graphene  Edges as the dominant defect type in self-assembled graphene films play a crucial role in the presented defect density decrease  Photochemical oxidation is proposed as a method of increasing the carrier mean free path, doping, and lowering sheet resistance of solution-processed graphene films Abstract Liquid phase exfoliation followed by Langmuir-Blodgett self-assembly (LBSA) is a promising method for scalable production of thin graphene films for transparent conductor applications.
Introduction
Graphene, with its high optical transparency and low sheet resistance, is an excellent choice for transparent electrodes in various optoelectronic devices [1] . For such applications, transparency in the visible part of the spectrum should be above 80%, while the sheet resistance should be low enough for practical use, all while keeping production costs to a minimum. In the past decade, numerous research efforts were performed to achieve production of thin graphene films usable in practical applications [2] [3] [4] . Although chemical vapor deposition (CVD) yields graphene sheets of high quality that can be scaled for industrial use [5] , the method is generally regarded as costly [6] and alternative methods are being sought that satisfy the quality/cost tradeoff. Liquid phase exfoliation (LPE) [7] is the most perspective way of obtaining large quantities of exfoliated graphite in solution at reasonable production costs. Nevertheless, all solution-processed graphene needs to be controllably assembled into thin films of satisfactory quality for transparent conductor applications. A number of film assembly strategies exist, such as evaporation-based assembly, assisted, and micropatterned assembly [8] . Each specific thickness and arrangement of graphene sheets in a thin film directly affects physical properties of the film [9] and device performance. Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) deposition, based on surface-tension induced self-assembly of nanoplatelets at an interface of two liquids or a gas and a liquid, are prime candidate methods for production of large-scale, highly transparent thin graphene films [10] [11] . However, all self-assembled films suffer from a large density of defects that often leads to a high sheet resistance of deposited film. Conversely, the large defect density offers an opportunity for surface treatment such as annealing, chemical doping and functionalization [3, 12] , all of which can reduce sheet resistance or produce other desirable effects. The susceptibility of a film to treatment as well as its initial sheet resistance depend on the nature of the prevalent defects, such as impurities, vacancies, nanoplatelet edges, and topological defects, as well as the defect density. For example atoms located at the edges of a graphene sheet exhibit higher reactivity compared to those in the basal plane, making the ratio of the density of edge atoms to basal-plane atoms the determining factor for the efficiency of surface modification [13] . It is thus imperative to carefully study the nature and density of defects in any thin film transparent conductor, especially when considering physical or chemical treatment to enhance the film's practical usability.
Here, we report characterization of the defect type of Langmuir-Blodgett self-assembled (LBSA) films from LPE graphene and subsequent defect patching with UV/ozone (UVO) treatment. We monitored the photochemical oxidation reaction of our films exposed to ozone, a very important gas adsorbate that significantly alters the properties of materials through doping, affecting the performance of electronic devices, usually limiting their use [14] [15] . As already shown, oxidation spreads from edges across the entire surface of graphene flakes [16] . Applied to mechanically exfoliated and monolayer CVD graphene photochemical oxidation, even during a relatively short time, leads to significant defect generation resulting in an increase of sheet resistance [17, 18] . Ozone reacts with the edge sites of CVD graphene until a saturation point is reached. After that the basal plane becomes more susceptible to oxidation, resulting in the replacement and relief of carbon atom defects. We find that nanoplatelet edges are the dominant defect type in our films, in contrast to CVD-grown graphene and earlier reported mechanically exfoliated graphene, where charged impurities and covalently bonded adatoms are the limiting factor for carrier mobility [19] . In this paper, we treat the film surface with ultraviolet radiation and ozone and find that the sheet resistance decreases by a factor of 3, while optical transparency throughout the visible part of the spectrum remains high (>80%) and virtually unchanged.
Measurements of the surface work function indicate that doping is responsible for the decrease in sheet resistance. With a careful analysis of Raman spectra, we find that the density of defects decreases with treatment, yielding an increase in the carrier mean free path, while edges remain the dominant defect type, all indicating that the ozone binds predominantly to the edges of graphene nanoplatelets. We perform the same UVO treatment on CVD graphene and show that on monolayer CVD graphene, UVO has a detrimental effect on sheet resistance. We also treat thick CVD-grown multilayer graphene films, which prove to be robust against UVO treatment, although such films have very low optical transparency. Furthermore, in order to understand the experimental results we theoretically analyze deposition of an ozone molecule on the edges of a wide graphene nanoribbon (GNR) as a nanosystem that well approximates LBSA film. After we determine the deposition mechanism, we present electronic and transport properties of such oxidized ribbons. We thus conclude that UVO treatment is a good option for reducing sheet resistance of LBSA LPE graphene films, bringing the electronic performance of these sheets closer to that of CVD graphene which is produced at a higher cost.
Methods
A graphene dispersion was prepared from graphite powder (Sigma Aldrich, product no. 332461) from a concentration of 18 mg ml-1 in N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich, product no. 328634), exposed to 14 hours of sonication in a low-power sonic bath. The resulting dispersion was centrifuged for 60 min at 3000 rpm in order to reduce the concentration of unexfoliated graphite. The resulting dispersions were used to form films approximately 3 nm thick by LBSA, in the same way that we demonstrated in our previous work [12, 20] . A small amount of graphene dispersion is added to a water-air interface and after the film is formed, it is slowly scooped onto the target substrate (Figure 1a ). Glass and SiO2/Si are used as substrates.
For single-layer CVD studies, we used commercially available monolayer CVD graphene grown on 20 μm thick copper foil (Graphene Supermarket) and transferred onto SiO 2 /Si substrate with a home-built automatic transfer system using ammonium persulfate ((NH 4 ) 2 S 2 O 8 ) 0.3M as copper etchant [21] . For multilayer CVD studies, we used multilayer graphene with an average thickness of 105 nm (about 300 monolayers) grown on 25 μm-thick nickel foil (Graphene Supermarket). We etched away the nickel foil in 0.25 M solution of ferric chloride (FeCl 3 ) in water, yielding a floating multilayer graphene film which was scooped out of the solution onto a SiO 2 /Si substrate in the same way as already reported for multilayer graphene condenser microphones [22] .
Photochemical oxidation (UVO treatment) is performed by exposing the graphene films to ultraviolet radiation and ozone for 3, 5, 15 and 30 min at a 50 0 C chamber temperature and ambient pressure in a Novascan UV/ozone Cleaner by converting oxygen from ambient air to ozone using a high intensity mercury lamp (Figure1b).
For optical characterization, UV-VIS spectra were taken using a Perkin-Elmer Lambda 4B UV/VIS Spectrophotometer. The oxidation process was characterized using a TriVista 557 S&I GmbH Micro Raman spectrometer (λ = 532 nm) at room temperature. The resistance of each sample was measured in a two-point probe configuration and the sheet resistance was obtained by including sample geometry factors. The work function measurement is performed using Kelvin probe force microscopy (KPFM, NTEGRA Spectra), prior to and after photochemical treatment of our graphene films.
The calculations are done using density functional-based tight binding method (DFTB) [23, 24] with self-consistent charge correction as implemented in the DFTB+ code [25] . Spin polarization was included in calculations. This method has a proven record of various applications to graphene and graphene nanoribbons [26] [27] [28] [29] . Transport properties are calculated by DFTB augmented with the Green's functions formalism [30] . Since the atomic structure of LBSA graphene is dominated by edges, we find GNR as a suitable nanosystem with physical properties probably converging to those of nanoflakes obtained in the presented experiments. For this purpose a wide GNR with width of around 2 nm is utilized. The interaction between electronic clouds of two GNR edges is small for such a wide ribbon, hence its electronic properties are equal to asymptotic limit of wide ribbons [31] . The periodic (infinite) edges of GNR correspond to the flakes in the experiment, which have large circumferences, i.e. long edges. Utilization of the GNR instead of nanoflake per se is not only physically equivalent but also numerically much more tractable. It is expected that CVD graphene compared to LBSA graphene boasts a lower sheet resistance, which is inherently related to carrier mobility. Carrier mobility is inversely proportional to the density of scattering defects, which should be small in CVD graphene. LBSA graphene morphology has an abundancy of nanoplatelet edges [20] that act as scattering centers and have a detrimental effect on initial sheet resistance. However, with UVO treatment, that resistance decreases, pointing to a reaction of ozone with existing defects [16] . In CVD graphene, a few edge sites are fully saturated by ozone molecules in a short period of time, allowing ozone molecules to deposit their energy in the formation of defects or in adsorption, thus creating new point defects at the basal plane that have a detrimental effect on sheet resistance [18] . In multilayer graphene, UVO has little effect on sheet resistance because the ozone molecules react with the top layers only, whereas charge transport takes place through the entire volume of the sheet.
Results and discussion
To examine the origins of reduced sheet resistance with UVO treatment, we measure the surface work function (WF) with KPFM. Figure 2b depicts KPFM maps of the contact potential difference (CPD) between the sample and the tip, before and after UVO exposure. Note the different colormap scale, that indicates a lower CPD between the doped sample and the metallized AFM tip for treated samples compared to untreated samples. To measure the absolute value of the WF, we use as a reference the work function of highly ordered pyrolytic graphite (HOPG), a tabulated value of 4.6 eV [32, 33] . In order to determine the average CPD of the measured surface, histograms of KPFM maps were used and fitted to a Gaussian distribution (Figure 2c ). The mean WFs of the tip, HOPG, untreated, and treated films are plotted against the vacuum level in Figure 2d . The exact procedure is detailed in our previous work [20] . It is evident that UVO treatment increases the WF from 4.8 eV to 4.9 eV, shifting the Fermi level downwards by 100 meV. It is this additional UVO-induced p-doping that leads to an increased carrier concentration, in turn causing decreased sheet resistance [34] .
Aside from improving the sheet resistance, for transparent conductor applications it is important that the optical transparency of the treated film remains high. The opposite effect that UVO has on CVD and LBSA graphene demands an inquiry into the effect of reactive site morphology on reactions with ozone. LBSA graphene morphology is dominated by nanoplatelet edge defects, whereas CVD yields graphene that has a few edges, in which chemical reactions should be governed by point defects such as charged impurities and covalently bonded adatoms [35] . To clarify the nature of reactive defects and their evolution during UVO treatment, we apply Raman spectroscopy, a versatile tool for characterization of graphene-based materials [36] . Figure 4b ), where D" is signature of a phonon belonging to the LA branch, typically seen at ~1100 cm -1 [36] . The D and G bands are well resolved for all samples. The 2D peak is a typical signal arising in multilayer graphene.
However, Raman spectra show evident changes of the intensity of the D mode with UVO exposure. Figure 4c depicts the ratio of the D peak to the G peak calculated from integrated peak areas, often used to monitor defect evolution in graphene. We observe a large decrease of this ratio during UVO exposure, indicating a reduction in defect density. The D/G intensity ratio evolution shows the same trend as sheet resistance, with a rapid change within the first 5 minutes of exposure, followed by a saturation behavior. The reduction of defect density with UVO exposure in LBSA graphene is opposite from our results on CVD graphene ( Figures S1 and S2) and the literature on monolayer graphene [12] [13] . LBSA graphene thus responds in a unique way to an oxidizing environment, with ozone binding to existing defects leading to improved electrical performance.
The ratio I D /I G can be converted to the carrier mean free path (L D ), as long as the laser wavelength is known [37] :
For the wavelength used in this study (λ L =532nm), we plot L D as a function of exposure time in Figure 4d . L D in LBSA graphene increases from 15 nm to 19.5 nm upon UVO exposure, again indicating defect patching. Before and after exposure, the mean free path is smaller than our average flake diameter (previously reported as 120 nm [20] ), which points to defects within the nanoplatelets, either through edges of sheets that are stacked on top of each other, or through other point-like defects that we cannot observe with AFM and SEM.
Possible defects in graphene include topological defects (such as pentagon-heptagon pairs), boundaries, vacancies, substitutional impurities, and sp 3 defects [38] . Topological defects have the lowest formation energy [39] , and they are always present in LPE graphene sheets as a result of the cavitation process [40] . As the ratio between the intensity of the D and the D' mode is very sensitive to the type of defect, with a value of 3.5 for edges, 7 for vacancies, between 7
and 13 for substitutional impurities, and 13 for sp 3 defects [41, 42] , we measure this value to deduce the nature of defects in our sample. We observe that the ratio of the D-peak intensity to the D'-peak intensity in our films is a roughly constant at a value of 4.8±0.5 regardless of UVO exposure. The measured ratio indicates that edges are the dominant defect type in our films, ruling out vacancies, substitutional impurities, and sp 3 defects, in agreement with previously published data for LPE graphene [40] . There is little change in defect type with photochemical oxidation (Figure 4e ), although the defect density decreases, indicating that ozone most likely reacts with the existing defects and patches them.
In LBSA graphene, flakes may bundle in stacks with varying thickness and lateral dimensions, edge geometries and their saturations with oxygen hydrogen or chemical groups, and a wide variety of possible defects. From these virtually infinite possibilities and due to the absence of microscopic experimental data on atomic structure we choose an example of a GNR with bare zig-zag edges and with width of 2 nm for our DFTB+ calculations. Electronic properties of graphene depend sensitively on physical and chemical modification of edges [43] [44] [45] . It was shown that roughness at zig-zag edges does not significantly influence their conductance in contrast to armchair edges [46] [47] [48] . The simple choice of a zig-zag GNR is for demonstration purpose only, i.e. to uncover the basic physics of the experimental results, without intent to cover all aspects of the experimental reality. The initial atomic structure consists of the GNR with an ozone molecule placed parallel to the edge. After geometry optimization of the system we obtained a transition configuration (TC) using the dimer method [49] . Optimization of the TC geometry led to the next (meta)stable geometry. The nudged elastic band (NEB) method [50, 51] is used for evaluation of the potential barrier between the configurations. Using this procedure we obtained three (meta)stable configurations. The reaction is presented in Figure 5a and 5b. 
Conclusion
In contrast to the degrading effects it has on CVD graphene, photochemical oxidation (UV/ozone treatment) of LBSA graphene leads to a decrease in defect density, which together with doping reduces sheet resistance while retaining high optical transparency. We find that edges are the dominant defect type in LBSA graphene, with little influence of other defects such as vacancies, impurities, or sp 3 defects that are common limiting factors for electronic performance of CVD and mechanically exfoliated graphene. Our study thus shows that graphene film morphology and defect landscape play a crucial role in the effect that UV/ozone treatment has on the film. This accessible treatment improves the performance of LBSA graphene, which is key to embedding such materials in durable devices especially those involving direct exposure to ultraviolet radiation and ozone gas. Our novel observation is expected to contribute to the technological acceptance of thin films based on solution-processed 2D materials. Raman spectra are shown in Figure S1 . In all cases, Raman spectra show evident changes of the intensity of the D mode with photochemical oxidation. Figure S1 highlights the different behavior of LBSA and CVD graphene in an oxidizing environment. In contrast to the effect that UVO has on LBSA graphene, described in the main text, treatment of CVD graphene leads to defect generation. Upon photochemical oxidation, CVD graphene develops a strong D peak in the Raman spectra after only 5 min of exposure, indicating oxidative removal of the graphitic material and the formation of a significant number of defects. Figure S2a shows a comparison of the ratio of the D-peak to the G-peak before and after UVO exposure for LBSA, CVD multilayer and CVD single-layer graphene. As already mentioned, a large decrease of this ratio is observed after UVO exposure for LBSA graphene and an increase of this ratio is observed after the same time of exposure for CVD graphene, indicating defect patching in LBSA and defect formation in CVD. Figure S2b shows a change in the mean free path with UVO exposure of all three types of graphene. 
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